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ocbber, 19% 

The energy loss snd sngulsx characteristics of the inelastic 
interactions of high energy protons snd picms Cup to 30 TeW with atcmic 
electrons are snalyzed in the election rest frame. Inclusive distributions 
of the incident ha&on, recoiling electron and produced pions are obtaked 
along with the rm angles of these particles as a function of their 
nrmentum. The results are suitably psmmetrized for use inMonteCarl0 
simulatims. For the iTlcidenth&ccn the average energy loss snd rns angle 
inbulk matter are detmmked and canpaxed with other processes. The 
contributicm to dE/dx from inelastic processes exceeds that of carpeting 
processes in the nnilti-TeV regime. 



1. iMmduction 

lke current interest in the design and exploit&Am of mlti- 
TeV proton colliders provides sn incentive to revise the computer codes 
neededtostudyparticletmnsport h bulk matter. Such a revision is 
pranpted by the onset, around 1 TeV, of rather dramatic changes in relative 
iqmtance of the basic processes responsible for energy loss and angular 
diffusion of charged particles in bulk matter. In ref. 1 results of sane 
calculations m this subject are presented for bremsstrahlung, pa,ir 
production and muon-nuclear inelastic scattering. In this paper inelastic 
interartions, i.e., acccmpmied by particle prcduction, between hzdmns and 
abnic electrcm are examkedfranasimilarpA.ntof view. 

The imnediatemtivationof this study is the iqhmentaticm 
of these inelastic processes into the Monte-Carlo W.3 code CASIM C21. This 
code is used, anmgother things, to evaluate the spatial distxibutimof 
the energy deposition for a variety of beam targeting problems. As this 
study show, helastic hadrm-electron interactions contribute significantly 
to such energ depositim. Even though the tatal cross-se&km is @te 
small, thehsdrmtypicallyloses a large fractionof its energy insuchsn 
encounter. For milti-TeV hadrcms this makes the "stopping Fewer" of this 
process exceed that of either bremsstiti~ or pair prcducticm The process 
bears some resemblance to an inelastic hadron-nuclmn collision, since 
pions, etc., areproduced, yet is substzukhlly differentdueto themuch 
lower average mltiplicity <a cansecplence of the mch lower center-ofmass 
energy) and the presence of the recoil electron. The thresholdfmpion 
prcductim off a staticmary electron is actually well below 1 TeV (274 GeV 
for incident protons and 58 GeV for incident picm> but the process gakw 
imprtance with increasing energy. 

The scope of this paper is similar to ref. 1. For each type of 
outgoing particle, but limited to electrons, pim , and protons, 
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(i> the inclusive mxentm distribution is calculated. For each particle 
type&for each outgoing nmnenh (ii) the rms spatial angle between 
incident snd outgohg particle is obtained. Both the nmnentidistribution 
andthe rm3 angle as a functionof nmentum are (iii) suitably parametrized 
for inclusion into the MC. In addition, (iv) the total. cross sectim and 
mltiplicity are determined as a functim of incident energy. Incident 
particle types are limited to protmx3 and pions. 

Easedmthe above infomticm, a MC simulaticmof ahsdmn- 
electron inelastic event proceeds by selecting type and mxnentmof the 
ou@ing particle hich also determines its rms sngle.Arandcmangleis 
thenchosenfrcmaGaussisntith zero mesnsndstandarddeviationequal to 
the rme angle. As ccnmented cm in ref.l, this procedure appears 
sufficiently accurate for a weight4 MC code such as CASIM. 

2. Calculation 

Forhsdron producticm in pe- irkeractians there exists a 
variety of experimental informationobtainedwithe-beams onptargets. For 
the conten@atedSSCenergyof 2OTeVthe equivalente-energy intheprest 
frame is about 11 GeV. There is a substantial zIwuntofdatasxoundthis 
energysswell asbelowit. Eatasnalysisisusuallybasedcnthe cmephotcn 
exchange model and is thereby split into two pat%: (i> the protan structure 
function, obtained fran the leptcm kinematics snd (ii) the foal state of 
the virtual photon-hadrm interaction. The present problem is then 
essentia.llyreducedtomodellingthis informaticnsndextractingfrcxnitthe 
dove mentioned inclusive cross-secticns snd angles, in the electron rest 
frame.Incaqutationaltermethis snwunts to evaluatjngmultiple kkegrals 
cfor thenwstpart mrmerically) over the kinematical variables of the 1epWn 
and, for hadron spectra and s&es, over the ha&on variables as well.For 
fee- interactions no directe3qerimental. informationccqarable to e-p &sts 
and so the calculation proceeds mxtly by analogy to the proton case. 
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For thepro- structxref~ctian, ~9, the&eidenbach snd 
Kuti parametrization C31 is adapted. For R, which relates the structure 
functions W, and Wa, a value 0.18 is assumed when Iq"l > 1 GeV2, where q" 
is the square of the tmnentamt transfer to the lepti, and when W2 < 141q21, 
whe.reWis the invariant hadran mass. Elsewhere M(O.18.I q21/y2) is 
assmed, with 0=(qP>/m where <qP) is the four ~tumprcductof the 
~photonandincidenthadrcn of -sm. Thepicnstiture function 
is taken frcm work of the CJIIU-NA3 collahoraticm C4l cm dinged productian 
in picm-nuclecm collisions. Since these messurements are obtained at a mean 
lq"l of 25 GeV2, values of fli at other q" are derived by scaUng via the 
parametrization of the proton structure function: 

uW;cq2,ti = yWPZ(q2,X)*~~(q02,~/VW22(q02,~ (1) 

where qj35 GeV2 snd x=lq21/!hnu is the Bjorken scaling variable. The 
structure functions plus the atah form factor and scane kinematics suffice 
to yield the election n~~~~~tumspectxaandrms angles. 

?helxcdmnic final state is mzdelled as the sumoftwo 
cantributions: the regular "deep inelastic" process whereby cme or mxe 
pions are prcduced plus T'S from exclusive p" prcductian. The latter is 
introdnced separatelybecause it is expresslyr-ed inmxt experiments 
whichstudythe hdrtic final state 2nd because thetwobodyprocess 
7vp+p"p, followed by p” decay, is kinematically quite different from 
typicalnon~e sonant T prcducti~. 

lh both cases the incident particle is identified in the 
fha.l state as the "leading particle" and is analyzed separately, i.e., 
characterized by its arm distribution. Leading protons in the deep 
inelastic process are described by the follow-h-g parametiizaticm, based m 
various sources C51 

~-'~E(d~u/d.p~) = K<l-x/'expC-3p~ 

= K(l~yhxp(-3p3 x,(O (2). 
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In eq. (2) xs=pz/pr* sndpT (fnGeV/c) are evaluatedinthe center of mass 
frame of the 7v and incident proton where 7v points in the positive 
direction. The eqonentn in eq. (2) depends cnW: 

n=2-W WC2 

=w-1 2 i w < 3.5 

asdoesy 
= 2.5 3.5 i w (3) 

y = ninc(4-wv(47np-anJ ,ll ws4 

=o w>4 (4) 

with W in units of CeV. The factor K in eq. (2) follcws from normalizaticm, 
i.e., one proton per interaction. For 7vp the average pion nmltiplicity 
Gncludiug r"> is assmed to satisfy 

tii = 1.52*lnW2 + 0.705 (5) 

WithWsgakinCeV. Ccmmrsionof a leadfngpcotoninto aneutmmisnot 
explicitly considered, here or in the psmmetiizatim stage, butntay 
readilybe fntrcducedfntheMC. 

The invszisntpim prcducticn cross section is parametrized 

4' 

u-1Ed3a/dp3 = A*e@-Bp;-Cg~I (6) 

where C, pertabs to the 7v directicm in the Wrest frame snd C- (#C+) to 
the p direction. 'Ihe B parsmeter is expressed in term of the mltiplicity 

B=3ii ti < 3.5 

=21-si 3.5 < tit < 6.0 

=3 6.0 -C If 0. 

A and C, follow frcm conservatim of energy and nanend @,I, minus the 
leading particle's contribution Ceq. (2>1, snd with eq. (5) fixing the pica 
mltiplicity. All three piun charge states are assmed eqx3,l.l~ probable. 
Fig. 1 shows A snd C, for incidentprotms snd pions as a function of W2. 



6 

The descripticm of exclusive p" producticm relies cm the 
experiment and analysis of Joos et al. C61. For given q" and W, the cross 
secticm for exclusive p" production, expressed as a fraction of the t&al, 
is parametrized by 

Fp(q2,W) = l.61CW-Wo)1'4*expC-Iq21-2.65(w-Wo)1'4) (8) 

where Wo(~mp+mp), with W in GeV and lq"l in GeV2. ThedifferentiCL 
probability of the reaction 7vp+p"p is assumed to follow 

P(t,@ = k*exp(+Ytl)/2s (9) 

where t is the square of the nunentuntiansfer <inGeV? sndknunnalizes 
P(t,@ ta unity between the kinematic limits. ?he p-decay distribution is 
highly sin@ified from ref. 6: 

da/dcos0{7 = (3/4> Cl - r:i + ar~~-l) cos2ep d <lO) 

;;z QFkiT-ae angle btym 7v and either r inthe p restframe, snd 
- 0.33+0.56lq I when WC1.85 Gev, while rg: = 0.21q21 when 

w>3 GeV, with Iq"l in GeV2 and r:z varies linearly in between. 

When the electron target is boxmd in an atom, the process is 
hinderedby an inelastic atanic form factor, though this affects the 
results onlymxcgjnally in the energy range of interesthere. This form 
factor is takenfrcmTsai L7l: 

G<q2) = a41q212/(l+a21q21)2 

where a,==724*Z-2/3/me , and me is the electron mass. 

(11) 

For the 7vr interaction, both leading randproduced r (non- 
rescmsntor from p> aretreated entirely similarlyto 7vp, exceptforthe 
p-rm2ssdifference. As a consequence limits on W, etc.,asoccurin 
eqs. (3)-O, and pertaining specifically to the protan case, need be 
adjusted. 
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3.Results 

In this section psrsmtrizaticms of cross sections and s&es 
are described sndccmparedwithresulti calculated inthe mnner of sec. 2. 
Matters are concludedwith - general results cntotal cross sections, 
nultiplicities. energy loss and angular diffusion. 

The cross section perametiizations are not explicitly 
normalized. For cmparisan with direct calculation, the fom a-ldu/dp is 
sdoptedwbichfixes the ~tegralover alloutgoing tmnenta, p, to unity for 
both electron snd leadjng particle, and to tii for the produced particles. 
The a andIf needed for absolute normalizationaregivensepwately. All 
parsmetrizations presented here are for the case of astatianaryfree 
electran. The atcanic formfactor correction is quite small&its effect 
cm total cross sections is discussed below. Its effect an the shape of the 
hsdrcnspectraisnegligible. Corrections to the electronspectiamaybe 
applied directly from eq. (11) using E.,.=lq21/%~ti~. 

Tosimplify matters the deep inelastic snd exclusive p” 

contributions are always ccpnbined. lhe psrsmetrizations of do/c@ (but not 
of the angles) are ccmstraA.nedtobe inaformeasytosample franinahdC. 
Inal1formolaebelow~,~,snd mare expressed in&y. 

3.1. Electron. 

The electran rnxnentun spectrum for incident protans is well 
represented by 

u-%b/dpe = k,<v/v,Y' 

=% 
= ~<v,/v> 1.034 

= ~(v,/v>" 

= k4Cex.p(-15v)+l.23*10-~oexpG3v)l 

v. s v 5 v1 

v1 s v I; v2 

v2 < v s v3 

v3 s v s v4 

v4 < v 5 v5 (12) 
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and zero elsewhere. Here vzp/po is the electmm ttrmmtum expressed as a 
fracticm of the incident protm -t-JJm PO. The ki follow from ccmthuity 
and normalization; r&7/ri.2 with rP=(l-pEh/p3 where pta is the threshold 
ttmnentum (274GeVforprotcms) and n=1.4+0.0023~o. Thevbnmdaxies are: 
vo=0.25/@02~06r~~7), vl=1.06v~~~05, 
v4=0.04, vs=1-21*;.s4/p;.s4. 

v2=0.15/@$P>o.eQ, v~*.O/P~.~. 
Fig. 2W ccqxres the pammetxization of 

eqs. (12) and (13) with direct calculation as outlined in sec. 2. 

The rms angles between outgoing electron and hcident protan 
are parametrized as follows: 

<6i>1'2 = <1.31-31p~0.67)*(V/Vb)i VI 5 v < Vb 

= k, Vb 5 v 5 v c 
= S' <v,/v> lK2 vc 5 v s Vd 

= k4*'vd/,,j v,svsv e 
= k~*Cexp<-2.6v>+2.3expW3v)l ve < v < Vf (13) 

with i=O.7/Tr 
P’ 

j=0.54/rz.3, v,=O.~W@~~~~~~~~~). vb*.45v~p~.=, 
vC=0.C040/@~~2-rp), v~=O.CQ7, v*=O.O7 and vf=vs where vs is frcxn eq. (12). 
Fig. 2(b) caqxces ~62~'~ fran eq. (13) with direct calculaticm. 

The paramtrizaticm of electron xrcmati spectra snd rum 
angles from collisions with incident pions follow closely that of protxms: 

~-~ddcfp~ = ~,WV,)~ 

=% 
= k.&/vPJ7 

= s (v,/v> j 

= k4Cexpbv~+500p~~17eq+/?v>l 

v. < v < v1 

v1 < v s v2 

v2 s v I; v3 

v3 .s v 5 v4 

v4 s v 5 vs (14) 

where i</ri'3 with rf(i-p~h/p~), but pth is now the pim threshold 
(%7 GeV/c), j=1.3+6.7*10-$,, cO.CEL@~~~, ~18.4p~."*, 
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The ms angle of the electron as a function of v for the er 
case is parametrizedas: 

<6y2 = (1.5-6.O/p~.3s)*(V/v~)J v, < v s Vb 

'kz Vb < v s vc 

= S' <v,/v' 1'2 vc < v 5 Vd 

= k,*Ceq(-2.6v>+1.4eq(-2&)1 Vd < v < Ye (15) 

where j*.fB/fi,, va=vo, ~~=l.lp~.~~v., v~=O.CO~~/@$$~~~~, ~~'0.07, 
ve=vs and vo, vs refer ta eq. (14). Fig. 3 ccqares ~r-%iu/dp~ snd G?:>"~ 
obtained by direct calculation with eqs. (14) and (15). 

3.2. Leading particle. 

The rmnentum specs for leading protons is represented by 

&lu/dpp = kI*v"" Vd, < v < v1 

= ~*Cwv')/wv;)ln v1 < v < v,, (16) 

where v'=b-v,J/ (vmau-vmin~ , and vmin, v are the Enematic limits 
for single pion production; rn16.4/~:.~~, z2.,,,,.23 and the bomdary 
vlWi'4-2.67*10-6po~rP. 

The rms angle between leading p and incidentp follows 

<9p2>1'2 = 2.3*10-%~‘~ 0 <v'<v; 

= Sq'j v; < v' 5 v; 

= ks*CQ-v')/Wv;)lm v; < v' 5 v: 

= k,*C&v~Ml-v')l"~28 vi L v' < vi 

= ks*C<l-v')/Wv~~l"~28 v;<v'i 1 (17> 
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where i=38.2/pg.s, j=-0.75+19.1/Jho,snd IIF2.85/pE.Os. 'Ihe v boundaries are 
v~=mx9~P~-l+3.1~104/p0)1~'2, ~;=X18+3.i('~/p,>~~~, 
v~=0.874-3.2~10~s@o~~~ and v~=0.95-30/(poJ?P). 'Ihe fits are shown in 
fig. 4. 

Tne leading pion nrmentam~qectxmisapprcximatedby: 

~r-~du/dp, = k,*Yi 0 iv'<v; 

= k2*expC(2.1+49/p~~3sh'l v; 5 v' < v; 

= k3wxp(-8.8v')*p;.1v' vi I; v' s v;l 

= k4*exp(-8.1v')*p;.2v' VA < v' 5 vi 

= ks'CWv')/W-v~)lj v;<v's 1 (18) 

where i--44/pz.47, j=14.3/pz.2*, VpCl.26, v,=O.5. v;=o.74 aAd 
v;=I74+2.6/+~~. 

The nm angle of the leading pian is fitted by: 

<t$>l’2 = 0.25v’j/p;.gs 

= kpxp(--2.2p~~07%') 

= ~*exp(O.9hr’) 

= k4*Kl-v')/Pv~)lm 

0 5 v’ < v’ a 

vi s v’ i v; 

vi < v’ 5 v; 

v;s+< 1 (19) 

where j=-0.9+15.6/$o, nM.69/p;.13, v~=o.l4+72cxYp~, Vb=o.5, snd 
v~=0.55+l.15*lo-3~o. Fig. 5 ccqares thiswithdirectcahulatim. 

3.3FmducedFTons. 

For pions produced by incident protons the xuxnenh spectra 
areparametrizedas: 
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fldu/c$, = k,W)2.1 V lnin < v 5 v1 

= s* w/v;>i v1 5 v < v2 

= s* w/v;> j v2 5 v 5 v3 

= k4*eq+19.8v'/p~'12) v3 s v 5 v4 

= k,*exp(-14.3v') v4 s v I V6 

= ks*C(l-v')/Wv;)I* V6 5 v < v max cxo 

where i*.0/p~.06, j=146/@&)"'3, m=ll.5-42/p~.27, v1=33/po I 
v2=9.3/p;.=, v,=O.13, v4=0.26rg.", v~=v~+~.~*IO-~~~. 

The rms angle of the prcduced T is represented by 

<0;>1/2 =7,4.10-4p~.3~~.66~,0.36 

=% 

= q(v;/vy-3 

= k3* (vJv> 

= k4"v/vJi 

= k 6 •C(l-v')/Ci~')l~.~~ 0 

V min i v s P 

v, 5 v 5 Vb 

Vb < v < vc 

v, 5 v < v* 

Vd < v 5 v * 
ve 5 v 5 v,, (21) 

where i=-1+26/pi.44, ~,=24/p~.~~, v;=49h-z'27po>, vC3.5r~.26/+,, vd=Q.13. 
and ve30.144+5.0*iO-epo. The fits are illustrated in fig. 6. 

Picns produced by an incident pim have antxenb 
distribution approAmatedby 

~-~du/dp, = kl*vSi 0 < v' < v; 

= k2*Cl-v')j v; < V' s v; 

= ks*m-v')m v2,Sv'< 1 cm 

xhere i=-1+10.Zr~.8/p~.22, j=0.38pg.16. nF2.Ep;.01, v;=0.5/p;.02, 
Vp.,~.03. 
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Therms mgleof these robeys 

<efW2 = 0.33*v'i/(por:3> 0 <v'sv; 

= k$~xp(-2.7p~.~~~v') vi < v' < v;, 

= k3*expC-~1.38-24/~oWl v; 2 v' < vi 

= k4*CWv')/Cv;)l~ v;<v'< 1 c23) 

where i=17.3/$o-1, j=1.57/pi.2, Vp.043p~.17, vb=0.52 and v;=O.7. 
Paratnetiizatims and direct calculatim are compared in fig. 7. 

3.4 Genera. 

Fig. 8 presents the total inelastic cross section an a 
staticmary free electron, for protmns as well 2s for picms, along with the 
average pion multiplicity per event. 'Ihese quantities are needed to 
normalize the parametxizations. Also shown is the fractim of the total 
cross section which is exclusive p prcducticm. It is seen that utot, while 
not very large, is still quite significant amunting to a few millibam 
per atomforhi@Z species intheupperpartof the energyrange explored 
here <canpared to an inelastic nuclear cross section of -1.5-2 barn). 

Theeffectof the atanic form factor onthet~~talcrc~s 
sectim is displayed in fig. 9. Below 30 TeV it is still a small effect, 
essentially neglible within the axuracy of the nrxlel. wit the trend of 
fig.9indicatesthat the effect beccmes important at scmewhat higfler 
energies. 

Fig. 10 shows how the lab energy of the incident particle is 
divided ammg the findl state particles. Leading protons retain, cm 
average, themajor fractimof their energy butleadingpicmsappeartn 
lose mre than half of theirs. The electron recoil energy, while small on 
a fractional basis, is nonetheless in the mlti-GeV range. 
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The average stopping pawer ME/W of the inelastic process 
is ccmpared to that of other processes (frcfn ref. 1) in fig. 11 for 
protons on beryllium and lead. 'his illustrates the Z dependence. For both 
materials the inelasticprocess becanes thelaqestcontributor todE/dx 
above a few TeVbut it is mxe dcminant in beryllium. This follows because 
pair prcduction and brenwt&ihmg proceed mainly coherently off nuclei 
and are therefore mre ccanpetitive for high Zmaterials. The dE/dxfor 
protons is ccqared with that of pions for the case of iron in fig. 12. 
Again the inelastic process is the largest above a few TeV and is seen to 
mre dminant for the proton case. 'Ihis isaconsequenceofthelighter 
pion mass which leads to a larger ccmtribution fran thecanpeting 
processes. 

Fig. 13 show the averaged (over all outgoing rlrmenta)ITIs 
angle in bulk matter for the inelastic process as well as for the other 
processes (also from ref. I> again for protans on beryllim snd lead. 
Fig. 14 displays the ssme angles for protcns snd for pi- m ircm. In all 
cases the inelastic process appears to be thelargestcontibutm to the 
angulardiffusionaswell, thoq#x not quiteaspromine&lyasfordE/dx. 
Both 1111s angle and dE/dx calculaticms include the effect of the atomic 
form factor. 

Inconclusicol, it appears then thattheprecedhgresults 
beax sane interesting consequences for the spati2Jdistsibutionof the 
energy depositicol along the path of, e.g., a 20 TeV protan beam striking a 
thick target. ?he inelastic process is important both for energy loss and 
sngulaxdiffusicmof the beam and must be included inMC (orotha> 
calculatims to obtak quantitative result.3 in this and similar 
applications. 

msnuscript. 
Wewishto thank L. Teng and F. TwkotforresAingthe 
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FigureCaptions 

Fig. 1. (a> Parameters A, C, and C- of eq. (6) describing picm prcductim 
by incident protons in the 7vp from as a function of W2, the square of the 
invari2ntmsssofthehadrcmic system. 

(b> Ditto for pim production by incidentpicns in the 7v~ frame. 

Fig. 2. (a3 Inclusive electron recoil distributicn for incident protms as 
a function of v, the lab manentcrm of the election as a fraction of the 
incident mmentum. ITI figs. 2-7 the symbols (see legend) represent direct 
calculaticm <from sec. 2) and the curves (see legend> are eqdrical fits 
cfrcmsec. 3). 

co> Fbns angle of electmn with respect to incident prom as a 
function of v. 

Fig. 3. <a3 Inclusive electxm recoil distribution for kcident picas as a 
function of v. 

09 Ems angle of electrm with respect to incidentpion as a 
function of v. 

Fig. 4. (a3 Inclusive leading protan distribution as a functicm of v. 
(b> Ihrs angle of leadingpro~mithrespectto incidentprotias 

a function of v. 

Fig. 5. <a) Inclusive leading pion distributicm as a function of v. 
(b> Fhns angle of leadingpim with respect to incidentpimss a 

function of v. 

Fig. 6. (a3 Inclusive prcducedpimdistributimfor incidentprotuns as a 
function of v. 

cb> Rms sngleofprcducedpion withrespectto incidentprotmas 
a function of v. 



16 

Fig. 7. (a3 Inclusive prcduced pion distribution for incident picms as a 
function of v. 

(b> Rm angle of pr&cedpim withrespectto incidentpimaz a 
functicm of v. 

Fig. 8. Total cross section in mb for a staticmary free electron (right 
scale>, percentage of t&al cross section which is exclusive p" prcducticn. 
2nd average prcduced pion mltiplicity (left scale) as a function of the 
incident energy in TeV (a3 for incident protons, (b> for hcident pions. 

Fig. 9. Fkductim of total cross section due to inelastic form factor for 
beryllim, iron, and lead as a function of incident energy in TeV, expressed 
as a fraction of the total cross section (a) for incident~ohu and 
Cb> for incidentpions. 

Fig. IO. Fracticm of incident energy carried off by recoil electrcm Cright 
scale), by leading particle and by produced particles (left scale) as a 
function of incident energy in TeV (a> for iTlcidentprotons snd co> for 
incident pi-. 

Fig. 11. Rotca~stappingpower as a function of energy in TeVdueto 
various processes in (a3 benyllium and (b) lead. Legend: CL, collisicm 
energy losses; pp, pair producticm; EL, brmsstrslil~; Inelastic, 
acccqanied by particle production. 

Fig. 12. Stqpingpoweriniron as a function of energy inTeVduet0 
various processes for (a3 protons snd (b> pi-. Legend: see fig. 11. 

Fig. 13. F&s angle inbullcmatter as a functicm of energyinTeVduet0 
various processes in (a> berryllim and (b> lead. Legend: see fig. 11. 

Fig. 14. I3ulkmatternnsangleiniron as a fmctim of energy in TeV due 
to various processes for (a3 protms and (b) picms. Legend: see fig. 11. 
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